Abstract. Arginine vasopressin (AVP) is a neurohypophyseal peptide best known as an antidiuretic hormone. AVP receptors have been classified into three subtypes: V1a, V1b, and V2 receptors. V1a receptor (V1aR) and V1b receptor (V1bR) are widely distributed in the central nervous system, including the septum, cortex, hippocampus, and hypothalamus. Clinical studies have demonstrated an involvement of AVP in psychiatric disorders. In the present study, we examined the performance of V1aR or V1bR knockout (KO) mice compared to wild-type (WT) mice in behavioral tests. V1aR and V1bR KO mice exhibited deficits of social behavior and prepulse inhibition in comparison to WT mice. Moreover, V1aR KO mice exhibited reduced anxiety-like behavior and impairment of spatial learning. These results suggest that V1aR and V1bR play an important role in psychological and cognitive functions.
Introduction
Arginine vasopressin (AVP) is a neurohypophyseal peptide. AVP receptors have been classified into three subtypes: V1a, V1b, and V2 receptors (1, 2) , based on their intracellular transduction mechanisms. The V1a and V1b receptors are associated with phosphoinositol turnover, while the V2 receptor activates adenylate cyclase (3, 4) . We previously reported that AVP- (4) (5) (6) (7) (8) (9) and its analog improved the scopolamine-induced impairment of spatial memory in an eight-arm radial maze, and these ameliorative effects were suppressed by a V1a receptor (V1aR) antagonist but not by a V2 receptor (V2R) antagonist (5 -7). The V1aR is widely distributed in the central nervous system including the septum, cerebral cortex, hippocampus, and hypothalamus (8 -10) , suggesting a potential role in learning and memory. The V1b receptor (V1bR) also is widely distributed in the central nervous system including the cerebral cortex, hippocampus, and hypothalamus (11, 12) . A recent study showed that the hypothalamicpituitary-adrenal (HPA) axis activity is suppressed in V1bR knockout (KO) mice under both stress and resting conditions (13) . V1bR KO mice have also been reported to exhibit markedly reduced aggressive behavior (14) . Moreover, it has been reported that a selective V1bR antagonist produced anxiolytic-and antidepressant-like effects in rodents (15, 16) and reversed stress-induced suppression of neurogenesis in a mouse model of depression (17) . These findings suggest that V1bR regulates the HPA system and plays a potential role in stress-related behavior. On the other hand, V2R is mainly distributed in the kidney and is involved in the antidiuretic action of AVP.
The present article introduces our recent study related to the role of AVP receptor in psychological and cognitive functions.
AVP and psychiatric disorder
Depression: Clinical studies have demonstrated an *Corresponding author (affiliation #2).
n-egashi@pharm.med.kyushu-u.ac.jp Published online in J-STAGE doi: 10.1254/jphs.08R14FM involvement of AVP in psychiatric disorders. In depressed patients, plasma levels of AVP (18, 19) , the number of AVP-expressing cells, or the levels of AVP in the paraventricular nucleus (20, 21) and the response of pituitary AVP are increased (22) . The AVP mRNA in the supraoptic nucleus is also enhanced in depressed subjects (23) . Interestingly, plasma AVP levels are positively correlated with cortisol levels in depression, particularly in suicide victims (24 -26) . Furthermore, a single nucleotide polymorphism (SNP) of the V1bR has been found to protect against major depression (27) .
Anxiety: Several anxiety disorders are also associated with elevated AVP. For example, elevated plasmatic levels of AVP have been reported in PTSD patients (28) . The AVP concentrations in both the cerebrospinal fluid and the plasma of patients with obsessive-compulsive disorder (OCD) are elevated (29) . In panic patients, infusion of sodium lactate or hypertonic saline produces panic symptoms, associated with an increase of plasmatic AVP; these alterations are not found in the controls subjects (30) , suggesting an involvement of AVP in the pathophysiology of panic induction.
Schizophrenia: It has been shown that schizophrenic patients display selective impairments in response to psychosocial stress but not physical stress (31) . These findings suggest that HPA stress responses may be abnormal in schizophrenic patients. The HPA stress response is dependent on the type of stressor that is used (32) . The physical stimuli activate the HPA-axis responses mostly via corticotropin-releasing hormone (CRH), and the psychological stimuli mostly via AVP. It has also been reported that baseline plasma AVP levels were lower in schizophrenic patients and progressively increased following acute metabolic stress like 2-deoxy-D-glucose (2DG) (33) . On the other hand, heightened plasma AVP levels are associated with acute schizophrenia (34) . In addition, neonatal lesions of the ventral hippocampal formation, which replicates several features of schizophrenia, disrupt neuroendocrine (including AVP) responses to auditory stress in adult rats (35) . Thus, AVP may be implicated in the course of schizophrenia.
Autism: AVP plays an important role in social behavior in comparative neurobiological studies (36) . Most recently, intranasally-delivered AVP has been reported to affect social communication processes in humans (37) . One of the core features of autism is impairment in social behavior such as reciprocal social interaction and communication. Interestingly, three independent reports demonstrated that autism has been associated with the V1aR gene (38 -40) . On the other hand, impairments of social function are often observed in symptoms of schizophrenia. Phencyclidine (PCP) has been known to evoke increased severity of symptoms in schizophrenia and to induce schizophrenia-like symptoms in healthy individuals (41, 42) . Moreover, PCP decreases social behavior in the rat social interaction test (43) . Similarly, subchronic treatment with PCP results in impaired social interaction and reduced density of V1aR in several brain regions such as the hypothalamus in rats (44) . Moreover, NC-1900, an AVP analogue, ameliorates social behavior deficits induced by MK-801, an N-methyl-D-aspartate (NMDA)-receptor antagonist (45) . There is a possibility that V1aR may play an important role in the regulation of social interaction. This idea is of special interest because impaired social interaction is among the core deficits of autistic disorders.
Characteristics of psychological and cognitive behavior in V1aR and V1bR KO mice
To investigate the role of AVP receptor in psychological and cognitive functions, we examined the behavior related to learning, sociality, information processing, and affectivity in mice lacking the V1aR or V1bR compared to wild-type (WT) mice. Here, we report on the characteristics of behavior in these mice (Table 1) .
First, we found that V1aR and V1bR KO mice exhibited an impairment of social interaction compared (38 -40) . In addition, V1bR KO mice have been reported to exhibit reduced social motivation in the olfactory discrimination task (47) . Second, the V1aR KO mice showed reduced anxietyrelated behavior, whilst V1bR KO mice showed normal anxiety levels in the elevated plus-maze test. On the other hand, these mice performed normally in the forced swimming test. The present findings are consistent with previous findings (14, 48) . The increased AVP expression in the hypothalamic paraventricular nucleus is considered to underlie anxiety-related behavior (49) . Also, the microinjection of V1-receptor antagonist into the septal nucleus of rats has been reported to reduce the anxiety in the elevated plus-maze test (50) . Furthermore, overexpression of the V1aR in the lateral septum of WT mice resulted in an increase in anxiety-related behavior (51) . Therefore, V1aR may be involved in the anxietyrelated behavior.
Third, the V1aR KO mice buried significantly fewer glass marbles than the WT mice did in the marbleburying behavior test (46) . On the other hand, there was no significant difference between V1bR KO mice and WT mice in the number of buried glass marbles. This phenomenon does not seem to contribute to a change in locomotor activity, since there were no genotypic differences in locomotor activity during the marbleburying behavior. It has been suggested that the burying behavior would be rewarding or compulsive (52) . In general, the marble-burying behavior test has been considered as an animal model of OCD (53) . Therefore, the reduced number of marbles buried by V1aR KO mice might reflect an anti-OCD effect of the mutation. Alternatively, the interpretation that mice have anxiety when they are burying foreign objects is based on the assumption that the animals would consider marbles startling by virtue of their novelty. Therefore, the reduced number of marbles buried by V1aR KO mice might reflect an anxiolytic effect of the mutation. This idea is supported by the present finding that the V1aR KO mice showed reduced anxiety-related behavior in the elevated plus-maze test.
Fourth, we found that V1aR KO mice exhibit an impairment of spatial learning in comparison to WT mice in an eight-arm radial maze (54) . By contrast, we did not observe any significant differences between the V1bR KO mice and the WT mice in the eight-arm radial maze. We also examined the performance of V1aR KO mice compared to WT mice in a Morris water maze. This task is a simple orientation toward a fixed hidden platform from a single start position. However, V1aR KO mice did not exhibit an impairment of spatial memory in the Morris water maze. Thus, V1aR KO mice exhibited the impairment of performance in the eight-arm radial maze requiring working memory or the higher level of spatial memory. V1aR may control spatial memory, especially working memory or higher level of spatial memory in mice. On the other hand, V1bR KO mice have been reported to exhibit markedly reduced aggressive behavior and normal spatial memory performance in the Morris water maze (14) . Moreover, we found that V1bR KO mice displayed normal spatial memory performance in the eight-arm radial maze. These findings suggest that V1bR plays a potential role in an emotional response such as aggression but not spatial memory.
Fifth, we found that V1aR and V1bR KO mice displayed significantly reduced levels of prepulse inhibition (PPI) of the startle reflex, reminiscent of the sensorimotor gating deficits observed in a large majority of schizophrenic patients. In addition to PPI deficits, V1aR and V1bR KO mice showed an increased acoustic startle response. However, the acoustic startle response was not significantly correlated to the PPI of the startle reflex in V1aR and V1bR KO mice. The results of the present study indicate that V1aR and V1bR may be involved in regulating PPI of the startle reflex. Interestingly, Brattleboro rats, in which the ability to synthesize AVP is impaired, have been reported to exhibit deficits of PPI of the startle reflex and a high startle response (55, 56) . Moreover, individual startle responses and PPI in these rats were not correlated like in our current results. Therefore, V1aR and V1bR might be involved in the PPI deficits in Brattleboro rats.
Moreover, PPI deficits observed in the V1bR KO mice are significantly reversed by atypical antipsychotics such as risperidone and clozapine but not by the typical neuroleptic haloperidol (57) . Our results are in good agreement with clinical data obtained from schizophrenic patients. Indeed, deficits in the sensorimotor gating processes are commonly shown in schizophrenic patients using PPI of the startle reflex (58, 59) . These PPI deficits seem to be best treated by atypical antipsychotics, as risperidone and clozapine normalized information processing functions in schizophrenic patients whereas this was not the case in such patients treated with typical neuroleptics (60) . Also, to normalize PPI deficits, atypical antipsychotics such as risperidone and clozapine probably interact with the brain systems of V1bR KO mice. Interestingly, the PPI deficits observed in Brattleboro rats were also reversed by acute administration of clozapine but not by acute administration of haloperidol (56) . These findings suggest that these deficits might be particularly sensitive to some critical properties of those antipsychotic drugs. Significantly, the PPI deficits in V1bR KO mice were not reversed by haloperidol, a dopamine D 2 -receptor antagonist. Haloperidol's lack of efficacy indicates that excessive dopamine transmission is not likely to fully account for the PPI deficits seen in V1bR KO mice. On the other hand, risperidone and clozapine are potent not only as dopamine D 2 -receptor antagonists, but also have serotonin 5-HT 2A -receptor antagonist properties. The PPIdisruptive effects of DOI, a 5-HT 2A -receptor agonist, are reversed by risperidone and clozapine but not by haloperidol (61) . Also, a 5-HT 2 -receptor antagonist ketanserin has been reported to reverse the PPI deficits induced by an NMDA antagonist (62) . However, we failed to find that ketanserin reversed the PPI deficits in V1bR KO mice in this study. Therefore, it is possible that risperidone and clozapine reverse PPI deficits in V1bR KO mice through a concurrent blockade of dopamine D 2 and serotonin 5-HT 2A receptors. More importantly, we found that V1bR KO mice showed a decrease in basal levels of extracellular dopamine in the medial prefrontal cortex compared to WT mice, while extracellular serotonin in the same site showed no difference between the two genotypes. Therefore, V1bR may regulate dopamine release in the medial prefrontal cortex. The medial prefrontal cortex is thought to be an important brain region within the neuronal circuit response for PPI (63) . Also, dopaminergic hypofunction in the prefrontal cortex is related to the etiology of negative symptoms of schizophrenia (64) . Furthermore, PPI is reduced by manipulations of dopaminergic hypofunction in the medial prefrontal cortex by infusion of 6-hydroxydopamine (6-OHDA) (65) or dopamine D 1 or D 2 antagonists (66). These findings suggest that dopaminergic hypofunction in the medial prefrontal cortex may be involved in PPI deficits in V1bR KO mice. Hence, risperidone and clozapine may be able to increase dopamine release in the medial prefrontal cortex. Apparently consistent with this possibility, a recent study proposed that risperidone and clozapine could increase dopamine release in the medial prefrontal cortex (67 -69) . Moreover, these effects of atypical antipsychotics are exerted through blockade of D 2 and 5-HT 2A receptors (69) . On the other hand, haloperidol has been reported to increase dopamine release in the nucleus accumbens but not in the medial prefrontal cortex (68) . Given these findings, the medial prefrontal cortex may be a critical site for the deficit of PPI of the startle reflex in V1bR KO mice, and risperidone and clozapine may improve these deficits via an increase in dopamine release at this site.
Conclusions
In conclusion, the present report shows that V1aR and V1bR may be involved in the regulation of social interaction and PPI of the startle reflex. Moreover, the results of the present experiments indicate that V1aR controls anxiety-related behavior and spatial memory. Hence, the V1aR-or V1bR-related drugs have become the focus of intense interest as the first in this novel class of drugs for the treatment of psychiatric disorders and memory disturbance.
